Abstract: This paper introduces three wavelet-based damage-sensitive features (DSFs) extracted from structural responses recorded during earthquakes to diagnose structural damage. Because earthquake excitations are nonstationary, the wavelet transform, which represents data as a weighted sum of time-localized waves, is used to model the structural responses. These DSFs are defined as functions of wavelet energies at particular frequencies and specific times. The first DSF (DSF 1 ) indicates how the wavelet energy at the original natural frequency of the structure changes as the damage progresses. The second DSF (DSF 2 ) indicates how much the wavelet energy is spread out in time. The third DSF (DSF 3 ) reflects how slowly the wavelet energy decays with time. The performance of these DSFs is validated using two sets of shaketable test data. The results show that as the damage extent increases, the DSF 1 value decreases and the DSF 2 and DSF 3 values increase. Thus, these DSFs can be used to diagnose structural damage. The robustness of these DSFs to different input ground motions is also investigated using a set of simulated data.
Introduction
After an extreme event, such as an earthquake or a hurricane, immediate diagnosis of structural damage is of great importance to facilitate emergency responses and to prevent further losses and injuries. Similarly, decisions on repair and rehabilitation after such events can be greatly facilitated with information on the type, location, and extent of damage. Currently, damage diagnosis is often achieved by visual inspection by professionals. Human inspection, however, can be costly in time and money, perilous in certain situations, inconsistent, limited to only surface inspections, and inappropriate for immediate assessment of structures over large areas. Therefore, it is necessary to develop an automated system that efficiently and reliably diagnoses structural damage. Consequently, extensive research has been conducted on structural health monitoring (SHM) in the structural engineering community. Recent developments in sensor technologies and wireless communication systems along with advances in damage diagnosis algorithms have brought us closer to the realization of structural damage assessment without conducting visual inspections.
To assess structural damage immediately after an earthquake using the structural responses recorded during the strong motion, it is necessary to develop an algorithm that directly utilizes these recordings. Currently, there are no methods that enable us to diagnose structural damage using the earthquake responses. Previous work on wireless damage detection algorithms has focused on the use of ambient vibrations obtained before and immediately after the occurrence of an extreme event such as an earthquake (Sohn and Farrar 2001; Nair et al. 2006; Farrar and Worden 2007) . Because these previous damage diagnosis algorithms use ambient vibration measurements that are stationary, they cannot be used with earthquake motions that are nonstationary. For this purpose, we have developed a new method that uses wavelet energies of input ground motions and structural acceleration responses to detect damage in the structure from strong earthquake motion. The main advantage of this approach is that it captures the nonstationary characteristics of both earthquake ground motions and structural responses by using the wavelet transform. While the diagnosis algorithm proposed in this paper may be particularly suitable for embedding in wireless monitoring systems, it is not restricted to implementation for such systems and can easily be applied to wired systems.
Early work using wavelet analysis for SHM has been carried out from several different perspectives. From a system identification perspective, Basu and Gupta (1997) applied wavelet analysis to obtain the spectral moments and peak structural responses of multi-degree-of-freedom (MDOF) systems subjected to nonstationary seismic excitations. Ghanem and Romeo (2000) also represented the equation of motion in terms of a wavelet basis and solved the inverse problem to estimate time-varying system parameters. Similarly, Kijewski and Kareem (2003) used wavelet analysis for system identification, and Basu (2005) and Joseph and Minh-Nghi (2005) used wavelet analysis to identify stiffness degradation and damping, respectively, from the equation of motion. A number of papers discuss using modified LittlewoodPaley wavelet packets to identify modal parameters of MDOF systems, such as natural frequencies, mode shapes, and associated modal damping ratios, using ambient vibration responses (Basu and Gupta 2000; Chakraborty et al. 2006; Basu et al. 2008) . From a signal processing perspective, Staszewski (1998) used wavelet analysis combined with various methods such as thresholding and quantization for data compression and feature selection for fault detection. Hou et al. (2000) and Hera and Hou (2004) detected sudden changes in acceleration time histories using a discrete wavelet transform; however, their application is limited to the ambient vibration data obtained from the ASCE benchmark structure. Goggins et al. (2007) investigated the degree of correlation between wavelet coefficients from ground excitation and building floor responses and reported that the correlation decreases as the structural behavior changes from linear to nonlinear. Although this observation is valuable, Goggins et al. did not offer a classification scheme to relate the correlation value to a damage state. Later, Curadelli et al. (2007) extracted the instantaneous frequency and the damping coefficient from free vibration responses and successfully showed that damage can be detected with these parameters. Spanos et al. (2007) also extracted instantaneous frequency from inelastic seismic structural responses and showed that wavelet analysis can capture the evolution of frequency contents through the instantaneous frequencies and can potentially detect global damage.
In this paper, we introduce a new damage diagnosis model that uses the Morlet wavelet to characterize the response motion of a structure subjected to earthquake ground motion. The method is based on monitoring the damage-sensitive features (DSFs) that are extracted from acceleration responses of the structure and reflect changes in the structure due to progressive damage. The main objective of this study is to define several DSFs and test their performance to determine their ability to characterize damage. These DSFs are robust to the variations in the input ground motions, and this framework can be applied to different types of structures. For this purpose, we have introduced three DSFs as functions of wavelet energies at a particular scale [E scaleðaÞ ] and at a particular time [E shiftðbÞ ]. The wavelet energy at a particular scale was first introduced by Nair and Kiremidjian (2007) for damage detection using ambient vibration data, and wavelet energy at a particular time was developed by Noh and Kiremidjian (2010) .
The three DSFs have been tested to determine their ability and sensitivity to diagnose damage using acceleration response data collected from two shake-table experiments. In the first experiment, a 30% scale model of a reinforced concrete bridge column was subjected to different levels of ground-motion intensity at the George E. Brown, Jr. Network for Earthquake Engineering Simulation (NEES) facility at the University of Nevada, Reno (Choi et al. 2007 ). The second experiment was conducted with a 1∶8 scale model of a four-story steel moment-resisting frame at the NEES facility at the State University of New York at Buffalo . Then, a numerical model of the second experiment structure is used to simulate acceleration responses of the structure subjected to 381 different input ground motions to test the robustness and the sensitivity of the DSFs with varying input ground motions.
The results of the experimental verification show that the values of these DSFs migrate as the extent of damage increases. Thus, these DSFs can be used as an indicator of damage in the structure. The DSFs are also robust to different input ground motions. Further development of classification schemes to map these DSFs to damage states is necessary to complete the damage diagnosis algorithm, and this work is presented in Noh et al. (2011) . This paper is organized as follows: the first part of the paper introduces three DSFs and shows the relationship between these DSFs and physical parameters of the structure. Then, the paper presents the validation of their performance using two sets of experimental data and a set of simulated data. Finally, conclusions are given in the last section.
Damage Sensitive Features

Overview
For this analysis, acceleration responses of a structure and the ground acceleration are collected during an earthquake from each sensor location, for example, from each floor. We first standardize each acceleration time history by subtracting its mean. Then, the wavelet transform of the acceleration responses and the corresponding wavelet energies are computed. These wavelet energies indicate how the vibration energy of the acceleration response is distributed in time and frequency. On the basis of these wavelet energies, we can define three DSFs to indicate structural damage. The first DSF (DSF 1 ) indicates damage by quantifying how much energy is lost in the acceleration response at the proximity of the natural frequency of the original undamaged structure. The second and third DSFs indicate damage by quantifying how slowly the energy of the acceleration response decays. The two sections that follow describe the procedure to compute these DSFs. More importantly, they investigate the relationship between the DSFs and physical parameters of the structural system to justify behavior of the DSFs.
Wavelet Transform and Wavelet Energies
The continuous wavelet transform (CWT) of a function f ðtÞ ∈ L 2 ðℜÞ, in which L 2 ðℜÞ= the set of square integrable functions, represents the function or the time history f ðtÞ as a sum of dilated (by a scale parameter a) and time-shifted (by a shift parameter b) wavelets. Because wavelets are localized waves that span a finite time duration, CWT can represent time-varying characteristics of f ðtÞ. It is mathematically defined (Mallat 1999) as
in which ψðtÞ ∈ L 2 ðℜÞ is called the mother wavelet and Ã represents a complex conjugate. The mother wavelet ψðtÞ is dilated by various scale parameters a and translated by shift parameters b to create a set of basis functions called daughter wavelets. Here, the scale is inversely related to the frequency of the wavelet. These basis functions are convoluted with f ðtÞ to compute the wavelet coefficients Wf ða; bÞ. The time-history measurement f ðtÞ is sampled at discrete points in the time domain with a constant interval of Δt s , and the shift parameter b is taken at those discrete points. For simplicity, those discrete points 1 × Δt s ; 2 × Δt s ; :::; K × Δt s are referred to as b ¼ 1; 2; 3; …; K, in which K= the number of data points in the measurement. For this analysis, the Morlet wavelet is used as the mother wavelet because its shape resembles earthquake pulses (Nair and Kiremidjian 2007) . The Morlet wavelet was originally introduced to analyze seismic recordings (Morlet et al. 1982; Goupillaud et al. 1984) . Since then, it has been used in various applications including mechanical fault diagnosis (Lin and Qu 2000; Lin and Zuo 2003; Vass and Cristalli 2005) and system identification (Lardies et al. 2004; Kijewski and Kareem 2003) because of its pulselike shape and the mathematical properties that make it suitable for localized harmonic analysis. The Morlet wavelet is a special case of the Gabor wavelet, which has the best time-frequency resolution; in other words, it has the smallest Heisenberg box (Mallat 1999; Hong and Kim 2004) . Thus, the Morlet wavelet also has the smallest Heisenberg box and consequently is best suited for this study. The analytical expression for the Morlet wavelet is ψðtÞ ¼ e jω 0 t e À t 2 2 ð2Þ in which ω 0 reflects the trade-off between time and frequency resolutions. The coefficient ω 0 ≥ 5 is chosen to satisfy the admissibility condition, and only the real part of the Morlet wavelet is used for computational simplicity. Fig. 1 illustrates the Morlet wavelet.
In Eq. (2), ω 0 determines the center frequency of the Morlet wavelet. The Fourier transform of the mother wavelet, ψðtÞ, has maximum amplitude at the center frequency, ω 0 . For this study, we use the daughter wavelet whose pseudofrequency matches the natural frequency of the structure. The pseudofrequency of the daughter wavelet is the frequency at which its Fourier transform has the maximum amplitude and is defined as the center frequency ω 0 divided by its scale a. Because we choose the scale in such a way that the pseudofrequency of the daughter wavelet matches the natural frequency of the structure, we do not have to worry about the center frequency of the original mother wavelet. However, ω 0 also determines the time and frequency resolutions of the daughter wavelet with a particular pseudofrequency, which can affect the results of the analysis. A larger value of ω 0 results in a smaller frequency resolution, while a smaller value of ω 0 results in a smaller time resolution for a daughter wavelet with a particular pseudofrequency. Applying the notion of root mean square duration, the time (Δt) and frequency (Δf ) resolutions of the wavelet function at scale a are as follows (Chui 1992) :
Eq. (5) represents the relationship between the center frequency of the Morlet wavelet (f 0 ¼ ω 0 =2π) and the scaleâ, which is the scale of the daughter wavelet whose pseudofrequency corresponds to the natural frequency of the original undamaged structure (f n ). Using this equation, the time and frequency resolutions of the daughter wavelet with scaleâ can be represented as functions of f 0 as follows:â
The effective window sizes or bandwidths of a wavelet in the time and frequency domain are 2Δt and 2Δf . More details can be found in Kijewski and Kareem (2003) .
To find the optimal wavelet basis, the Shannon entropy of the scalogram is often used (Coifman and Wickerhauser 1992; Zhuang and Baras 1994; Rosso et al. 2001; Lardies et al. 2004; Hong and Kim 2004) . In information theory, Shannon entropy represents the amount of information, or the length of the code necessary to convey the information. It is also often used as a measure of energy concentration. A low value of entropy corresponds to a high concentration of energy; thus, the basis with lower entropy implies that the shape of this basis matches the shape of the measurement better than other bases with higher entropy. We can define the three wavelet entropies of time (WE t ), scale (WE s ), and time and scale (WE ts ) as follows:
in which S a = a set of scales used for the entropy analysis,
, and j · j = the absolute value of the quantity. For each set of data, the optimal value of ω 0 is determined such that the wavelet entropies for the acceleration responses of the undamaged structure are minimized.
To develop the DSFs, we first examine the pattern of wavelet coefficients from different earthquake responses. Figs. 2 and 3 show the variations of the wavelet coefficients computed from the structural responses for various damage patterns (DPs) obtained from the two experiments mentioned in the introduction, the details of which are explained in the next section. The DPs are numbered in increasing order of the damage extent. These figures show that as the intensity of the input motion increases, the peaks or ridges of the wavelet coefficients shift both in time and in scale. These changes in the pattern of wavelet coefficients correlate well with the damage status of the structure.
To quantify the shift of peaks in scale, we can use the wavelet energy at scale a (E scaleðaÞ ) defined by Nair and Kiremidjian (2007) : The square of the norm of the wavelet coefficients is called the scalogram, referred to as wavelet energy at scale a and time-shift b.
Thus, E scaleðaÞ is the sum of all the wavelet energies over time at scale a. As mentioned above, the scale chosen is denoted asâ, which corresponds to the natural frequency of the undamaged structure. It is assumed thatâ is known prior to the analysis from white noise tests or structural design specifications. Figs. 2 and 3 show that E scaleðaÞ is at its maximum at the natural frequency of the structure for low levels of damage. As the damage extent increases, the peaks of the wavelet coefficients increase in scale. Hence, the changes in the structure appear to be manifested as a decrease in E scaleðaÞ computed at the scaleâ. This decrease can be explained by the fact that as the damage progresses, the structural vibration loses high-frequency components due to loss of stiffness. Nair and Kiremidjian (2007) proved that the E scaleðaÞ of the acceleration responses at higher scales depends on structural parameters such as mode shapes, stiffness and damping coefficients, and seismic masses. Thus, E scaleðaÞ is well correlated with the damage extent of the structure, assuming that the damaged structure is an equivalent linear system with reduced stiffness.
The shift of the peaks of wavelet coefficients in time shown in Figs. 2 and 3 is then quantified by the time history of the wavelet energy at time-shift b (E shiftðbÞ ) (Noh and Kiremidjian 2010) . E shiftðbÞ is defined as the sum of the scalogram over the scale at time-shift b and is given by
For this algorithm, S is defined as
in whichâ is the same scale chosen to compute the E scaleðaÞ . The reason for choosing S as defined in Eq. (13) is that most of the wavelet energies are concentrated at these scales and the energies at other scales are possible sources of noise. The distribution of vibration energy over time is represented by E shiftðbÞ . Figs. 2 and 3 show that as the intensity of damage increases, the wavelet coefficients decay more slowly with time. Hence, the time history of E shiftðbÞ also decays more slowly for more severely damaged cases. Based on E shiftðbÞ , DSF 2 and DSF 3 are formulated in the next section. 
Definition of Damage-Sensitive Features
This section defines three damage-sensitive features by using E scaleðaÞ and E shiftðbÞ as indicators of structural damage and investigates the sensitivity of these features to structural damage. DSF 1 DSF 1 , which is a function of E scaleðaÞ , is defined as
in which E tot = the total wavelet energy of the acceleration response. We chose the normalization method such that when two nondamaging ground motions with different amplitudes are applied to a structure, the DSF 1 values from the structural responses are identical. In this way, DSF 1 can be robustly applied to different amplitudes of ground-motion responses and the values are comparable. Because of the normalization, the value of DSF 1 varies between 0 and 1. We tested two different methods to compute E tot -the sum of the E scaleðaÞ values at all dyadic scales, and the sum of the E scaleðaÞ values at the natural frequency (equivalent toâ) and at half of the natural frequency (equivalent to 2â). The sum of energies at dyadic scales is equivalent to the signal energy (Mallat 1999 ), but we observed that using the sum of energies at only two scales near the natural frequency gives a more accurate result. A possible explanation is that adding all the energies at all dyadic scales can also accumulate the noise in the measurement, while picking only a few scales is equivalent to applying an efficient noise filter.
DSF 2
To quantify the shift of the wavelet coefficient peaks in time, we defined the effective time of vibration (ETV) for each acceleration time history. We then computed the percentage of the sum of the E shiftðbÞ outside this ETV as DSF 2 . The ETV is defined as the time between t 05 and t 95 , where t 05 and t 95 are the times when the cumulative sums of E shiftðbÞ for the input ground motion are 5% and 95% of the total sum of E shiftðbÞ , respectively. In other words, the ETV is the time when strong ground motion occurs. This idea of the ETV is equivalent to the definition of the 90% cumulative duration of strong ground motion, which is the interval between the times at which 5% and 95% of the total energy has been reached (Trifunac and Brady 1975) . The energy refers to the integral of the squared acceleration recordings, which is similar to the Arias integral (Arias 1970) . Kramer (1996) summarized different approaches to define the duration of strong motion using an acceleration recording. We calculated the ETV from each input ground motion, and then computed DSF 2 for the corresponding structural responses. Fig. 4 shows an example of the time histories of E shiftðbÞ for an increasing extent of damage and the locations of t 05 and t 95 (indicated by dashed lines) from the bridge column experiment. Because the input ground motions are scaled versions of one earthquake record, the locations of t 05 and t 95 are the same for all the time histories in Fig. 4 . DSF 2 represents how much the E shiftðbÞ of the acceleration response is spread out in comparison to the E shiftðbÞ of the input ground motion. It also shows what portion of the wavelet energy occurred outside the strong motion. If the time history of the E shiftðbÞ for an acceleration response decays more slowly than that of the input ground motion, the DSF 2 value will be higher than 0.1. This percentage will increase as the damage progresses in the structure because the time history of the E shiftðbÞ will decay more slowly. For actual earthquake ground motions, the duration of the strong motion should also increase with larger amplitude. As a result, the response is likely to be even more widely spread out than that shown in Fig. 4 . Thus, we can expect that DSF 2 will have similar increasing trends as the duration of the ground motion increases. The downside of utilizing DSF 2 is that we need the information of the input ground motion to compute the ETV. Thus, the communication between sensor units or between sensor units and a server computer should be available in both directions for us to compute DSF 2 . It should be noted that the necessary information from the input ground motion is only two values, t 05 and t 95 , and not the entire time-history measurement.
DSF 3
To define DSF 3 , we first defined the center of E shiftðbÞ (CE) as the first moment (or the centroid) of the time history of E shiftðbÞ after t 95 , and it is given as
in which K = the number of data points in the measurement. The CE is a measure of how slowly the wavelet energy decays in time after the strong ground motion. As the damage progresses, the time history of E shiftðbÞ decays more slowly, as shown in Fig. 4 , which results in a larger value of the CE. To standardize the value of the CE, we normalized the CE of each structural response by the CE of its input ground motion. DSF 3 is defined as this normalized CE. Similar to the computation of DSF 2 , that of DSF 3 also requires the input ground-motion recording for the normalization. We proved the relationship between the CE and the extent of damage for the single degree of freedom (SDOF) system as shown below. Nair and Kiremidjian (2007) showed the relationship between the scalogram and the structural parameters to be as follows:
in which ω n = the natural frequency, ξ= the damping ratio, ω 0 = the center frequency of the Morlet wavelet, GðsÞ= the Fourier transform of the input ground motion p, q ¼ jξω n AE ω n ffiffiffiffiffiffiffiffiffiffiffiffi ffi
is the damped natural frequency. Because the amplitude of the input ground motion is small after t 95 , the response motion is less affected by the nonstationary large amplitude input motion. Hence, the structural response will stay within the linear region, which is the main assumption for obtaining the relationship shown in Eq. (16) (Nair and Kiremidjian 2007) . To derive an expression for the CE in terms of the parameters of the structural system, we defined
Using Eqs. (15) and (17), the CE for an acceleration response of an SDOF system can be derived as
We made the approximation Y L ≈ 0 because Y < 1 and L ≫ 1. As the extent of damage increases, the natural frequency decreases, and as a result, Y increases. In Eq. (18), an increase in Y results in an increase of the numerator and a decrease of the denominator, which in turn causes the CE to increase. The sensitivity of the CE with respect to Y is calculated as
It is notable that this sensitivity has the order of 1=Y 2 . Because Y < 1, the sensitivity of the CE with respect to Y is sufficiently large.
Application of Wavelet-Based DSFs to Experimental Data
To validate the performance of the algorithm, we applied it to two sets of experimental data presented in the following sections. The first experiment was conducted at the University of Nevada, Reno, and involved a reinforced concrete bridge column subjected to the scaled 1994 Northridge earthquake ground motions of increasing intensity. For the second experiment, which was conducted at the State University of New York at Buffalo, a four-story steel moment-resisting frame was subjected to the scaled 1994 Northridge earthquake ground motions of increasing intensity. Acceleration responses of the structures are collected and the corresponding damage states of the structures are observed during the experiments. Then, the DSFs are extracted from those data to validate their sensitivity to structural damage. The robustness of these DSFs to different input ground motions is also shown using a set of simulated data obtained from a numerical model of a fourstory steel moment-resisting frame subjected to 40 ground motions scaled to various intensities.
Reinforced Concrete Bridge Column Experiment
Description of Experiment
The reinforced concrete bridge column experiment, which was designed according to the 2004 Caltrans Seismic Design Criteria version 1.3, was performed at the NEES facility at the University of Nevada, Reno (Choi et al. 2007 ). The height of the column was 3,009.9 mm (108.5 in.), and the diameter of the specimen was 35.56 mm (14 in.). Fig. 5 shows the bridge column and the experiment setup. We used the acceleration measurements at the top and the bottom of the column obtained during the experiment.
For this experiment, the specimen was centered on the shake table, and the footing was assumed to be fixed at the base. Two 121:92 × 121:92 × 243:84 cm (4 × 4 × 8 ft) concrete blocks, each weighing 88.964 kN (20 kips) were used as the inertia mass. These blocks were connected to the top of the specimen to simulate inertia forces. A steel spreader beam was bolted to the top of the column head to provide an axial load of 275.790 kN (62 kips) to the column. The column was subjected to a series of scaled ground motions with increasing intensity. The ground motion was the faultnormal component of the 1994 Northridge earthquake recorded at the Rinaldi Station. The amplitude of the input ground acceleration was scaled by increasing factors of 0.05, 0.10,…,1.65, as shown in Table 1 . These tests are referred to as DP 1, 2,…,13 hereafter. Table 1 also shows the RMS values of each of the input ground motions and the description of damage for each DP. Most of the damage was concentrated at the bottom of the column. The input motion was highly asymmetric in the two loading directions due to the asymmetric velocity pulse, which is common for near-fault ground motions. Thus, the responses of the column were also asymmetric. Because the pulse contains most of the energy of the earthquake motion, it causes large residual displacement to the column in one direction. According to Choi et al. (2007) , the column behaved elastically for DP 1 through DP 4. Most of flexural cracks formed after DP 4. The first rebar yielding occurred at DP 5, and concrete spalling occurred at the column base during DP 6. At DP 9, the direction of the residual displacement changed because the column period elongated due to damage and became close to the period of the return pulse in the input record. At DP 11, spiral exposure occurred and the residual displacement became visible (52 mm). Longitudinal bar exposure was observed at DP 12 with residual displacement of 145 mm (5.69 in.). At the final DP 13, extensive spalling occurred with more exposure of rebar, the Fig. 4 . E shiftðbÞ for the bridge column experiment for different DPs: (a) DP 1, (b) DP 3, (c) DP 5, (d) DP 7, (e) DP 9, (f) DP 11, (g) DP 13 residual displacement was 339 mm (13.36 in.), and the drift ratio was 15%.
Results and Discussion
To find the optimal ω 0 value, we investigated wavelet entropies for ω 0 between 5 and 30 rad=s. The ω 0 value is limited to 30 rad=s because of the time resolution (the time span of the daughter wavelet whose pseudofrequency matches the natural frequency of the structure becomes longer than the strong motion duration). For this set of data, WE t is minimized at ω 0 ¼ 6 (2Δt ¼ 0:88 s, 2Δf ¼ 0:36 Hz), and WE s is minimized at ω 0 ¼ 17 rad=s (2Δt ¼ 2:53 s, 2Δf ¼ 0:13 Hz). Considering both time and frequency, WE ts is minimum at ω 0 ¼ 9 rad=s (2Δt ¼ 1:35 s, 2Δf ¼ 0:23 Hz). The results are shown in Fig. 6 . Note that the variations of WE t and WE ts are relatively small for ω 0 between 5 and 17 rad=s. Although ω 0 ¼ 5 rad=s is not the optimal solution for all three entropies, the difference between the minimum value of each entropy and the entropy at ω 0 ¼ 5 rad=s is small (less than 0.5).
Because there are three different values of optimal ω 0 , the DSFs are computed using all those ω 0 values, including 5 rad=s, in order to investigate the sensitivity of the DSF values as ω 0 changes. We found that the instantaneous frequency is sensitive to the choice of ω 0 . The instantaneous frequency at time t is defined as the pseudofrequency of the daughter wavelet that results in the maximum value of the scalogram among all the scales at that particular instant of time t. Thus, the instantaneous frequency is the dominant frequency of the time-history measurement at time t. We averaged the instantaneous frequencies between t 05 and t 95 and computed the average instantaneous frequency of DP 1 for ω 0 between 5 and 30 rad=s. The result is shown in Fig. 7(a) . The average instantaneous frequency approaches 1.5 Hz as ω 0 increases, and the value is stable for ω 0 > 17 rad=s. This result shows that ω 0 for the optimum value of WE s results in a reliable estimation of the instantaneous frequency with the smallest time resolution. We computed the instantaneous frequencies of all DPs using ω 0 ¼ 17 rad=s, and this result is shown in Fig. 7(b) . The average instantaneous frequency of DP 1 is 1.5 Hz. An inspection of the Fourier spectra of this acceleration response shows that the dominant frequency with maximum spectra is close to 1.2 Hz.
Figs. 8(a)-8(c) show the results for the DSFs using different values of ω 0 . As we can expect from the small variation of WE s , the values of DSF 1 are similar for different values of ω 0 . For DSF 2 and DSF 3 , the results are sensitive to the value of ω 0 . As ω 0 increases, the DSF values lose the increasing trend with the increasing damage. Thus, using ω 0 ¼ 5 rad=s is an appropriate choice for the analysis of this set of data.
On the basis of the Morlet wavelet analysis with ω 0 ¼ 5 rad=s, the scaleâ ¼ 0:54 corresponds to the natural frequency of the undamaged column. We also investigated E scaleðaÞ at all scales for the acceleration response at DP 1 and found that E scaleðaÞ is the largest at scale 0.54. As the damage extent increases, however, the scale where the largest E scaleðaÞ value occurs shifts from scale 0.54 to scale 1.08 (lower frequency). This indicates that the dominant scale of the acceleration response increases as the damage progresses, and the change of dominant scale is reflected as the change in the DSF 1 value. The dominant scale (or frequency) can also be obtained from ambient vibration data if available. Fig. 8(a) shows the results of DSF 1 . DSF 1 is normalized by the sum of two E scaleðaÞ values at scales 0.54 and 1.08. Thus, it represents the proportion of wavelet energy at scale 0.54 and how the energy shifts to the higher scale as the damage progresses. Fig. 8(a) shows that when the column is not damaged, the DSF 1 value is over 0.9, and as the damage progresses, the DSF 1 value decreases, which implies that the proportion of the E scaleðaÞ at scale 0.54 (energy at higher frequency) decreases while it increases at scale 1.08 (energy at lower frequency). According to Choi et al. (2007) , most flexural cracks were formed and opened up wider after DP 4. Spalling of concrete started at DP 5, and the strain exceeded its yield strain at DP 4. This is well reflected in the results of DSF 1 that the DSF 1 value is close to 1 up to DP 4 and starts decreasing significantly afterward. Fig. 8(b) shows the results of DSF 2 . The DSF 2 value is close to 10-20% for lower DPs, and it increases as the damage increases. These results are similar to the results of DSF 1 ; the DSF 2 value is small up to DP 4, and the value starts increasing for damage larger than DP 5. The result implies that as the damage progresses, the response motion decays more slowly, which can be correlated to period elongation due to stiffness degradation. Fig. 8(c) shows the DSF 3 values, which increase as the damage progresses, indicating that the E shiftðbÞ decays more slowly with increased column damage. The DSF 3 value starts increasing after DP 1 and remains constant after DP 4. Based on the bridge column experimental data, DSF 3 is sensitive to small damage such as cracking, while DSF 1 and DSF 2 are more sensitive to more severe damage such as spalling.
Four-Story Steel Moment-Resisting Frame Experiment
Description of Experiment
The second experiment was a series of shake-table tests of a 1∶8 scale model for a four-story steel moment-resisting frame with reduced beam moment connections designed according to current seismic provisions (International Code Council 2003; AISC 2005; SAC Joint Venture 2000) . The experiment was conducted at the NEES facility at the State University of New York at Buffalo . The structure is shown in Fig. 9 after completion of the erection process on the shake table. The primary interest is on the model frame shown on the left.
The structure was subjected to the 1994 Northridge earthquake ground motion recorded at Canoga Park Station. The testing sequence that was executed for the structure included a service level earthquake (SLE, 40% of the unscaled record), a design level earthquake (DLE, 100% of the unscaled record), a maximum considered earthquake (MCE, 150% of the unscaled record), and a collapse level earthquake (CLE, 190% of the unscaled record). These scaled intensities of the ground motion are referred to as DP 1, 2, 3, and 4 in this paper. According to elastic modal identification from white noise tests, the structure had a predominant period T 1 of 0.45 s in Fig. 10 shows the story drift ratio (SDR) of the structure at various intensities from elastic behavior up to collapse. During the SLE, the structure remained elastic. During the DLE, the structure reached a maximum SDR of about 1.6% with the inelastic action observed at the column base and first floor beams. Localized damage, such as local buckling of the flange plates, was not noticeable. During the MCE, the frame reached a maximum SDR of about 5% with plastic deformation evident from local buckling of the plates that represented plastic hinge elements of the frame . During the CLE test, the frame experienced a maximum SDR of about 13% with a full collapse mechanism of the first three stories. 
Results and Discussion
We computed the wavelet entropies for ω 0 to be between 5 and 30 rad=s, and the results are shown in Fig. 11 . WE t is minimized at ω 0 ¼ 5 (2Δt ¼ 0:57 s, 2Δf ¼ 0:55 Hz), and WE s is minimized at ω 0 ¼ 30 rad=s (2Δt ¼ 3:40 s, 2Δf ¼ 0:094 Hz). Considering both time and frequency, WE ts is minimum at ω 0 ¼ 8 rad=s (2Δt ¼ 0:88 s, 2Δf ¼ 0:36 Hz). The variations of WE t and WE ts are relatively small for ω 0 , at between 5 and 30 rad=s, as shown in Fig. 11 . The DSFs are computed for three ω 0 values, and similar to the results in the first experiment, the DSF 1 values are not sensitive to the value of ω 0 while DSF 2 and DSF 3 perform best with ω 0 ¼ 5 rad=s. Thus, ω 0 ¼ 5 rad=s is used for this set of data. Fig. 12 illustrates DSF 1 normalized with respect to the sum of two E scaleðaÞ values at scale 0.406 and 0.812. The results are presented for each DP at each floor. Scale 0.406 corresponds to the pseudofrequency of 2.0 Hz, which is the first natural frequency of the undamaged frame. Because the natural frequency of the test frame is known based on the white noise tests , we can use this scale to compute the DSFs. We observed that E scaleðaÞ at scale 0.406 has the largest wavelet energy at DP 1 among all the scales. At the ground level, the DSF 1 values do not vary much as the damage progresses because there is no damage at the "ground" level. The same figure illustrates that for the upper floors, DSF 1 decreases as the intensity of the input ground motion increases. With the increasing level of damage, the wavelet energy reduces at scale 0.406, which corresponds to the first natural frequency of the undamaged frame, and increases at scale 0.812, which corresponds to a frequency lower than the original natural frequency. This change in energy at scale 0.812 can be measured by 1 À DSF 1 . In Fig. 12 , the DSF 1 at the second floor does not change much between DP 3 (MCE) and DP 4 (CLE). This happens because the first story is damaged during DP 1 through DP 3, reaching a plastic rotation of about 5%. After this plastic deformation limit, all the beams and the base of the first story columns start deteriorating in strength. This is reflected in DSF 1 as the small change of values between DP 3 and DP 4 at the second floor.
The time history of E shiftðbÞ at the roof for each DP is illustrated in Fig. 13 . It is shown in the figure that the E shiftðbÞ time histories spread out further as the intensity of the input ground motion increases and damage progresses. Unlike Fig. 4 , where the E shiftðbÞ time histories spread out both to the left of t 05 and to the right of t 95 , the time histories obtained from the steel frame spread out only to the right of t 95 . This happens primarily because the concrete bridge column develops cracks even at the early stages of a strong vibration where the amplitude is still small, i.e., we have period elongation because of cracking. For the steel frame, this is not the case because its behavior is elastic when the amplitude of the vibration is small. Moreover, based on white noise tests Fig. 11 . Variation of wavelet entropies for the four-story steel moment-resisting frame experiment for different values of ω 0 : (a) WE t , (b) WE s , (c) WE ts Fig. 12 . DSF 1 for the four-story steel moment-resisting frame experiment Fig. 13 . E shiftðbÞ for the four-story steel moment-resisting frame for different DPs: (a) DP 1, (b) DP 2, (c) DP 3, (d) DP 4 conducted after each damage level, no stiffness degradation was observed in the test frame prior to collapse ).
Fig. 14 shows DSF 2 , which quantifies how much the E shiftðbÞ time history is spread out in time. DSF 2 is computed using the scales 0.406 and 0.812. At the ground floor, the DSF 2 values are 10% at all DPs because the ETV is calculated based on the ground motion. At all the other floors, the DSF 2 value increases as the damage in the frame progresses. The increase of the values at the second floor between DP 3 (MCE) and DP 4 (CLE) is small for the same reason we mentioned earlier for DSF 1 . The DSF 2 value at the second floor is the largest among all the floors for each DP. This might be related to the fact that the first story was damaged first and had the largest damage extent. Fig. 15 shows the results of DSF 3 . The damage in the frame causes the E shiftðbÞ time history to decay more slowly, which results in larger values of DSF 3 . It is similar to the results of DSF 2 in that the DSF 3 values at the ground floor are 1 for all DPs, and the DSF 3 values at all the other floors increase as the damage progresses. Also, the DSF 3 value at the second floor is the largest among all the floors for each DP, but the differences between the DSF 3 values at different floors are smaller than those observed for DSF 2 . The relationships between the values of the DSFs at different floors have to be studied carefully because the measured accelerations are global in nature, resulting in complex interactions between structural parameters at each floor.
Numerical Model of Four-Story Steel Frame Analysis
A numerical model of the four-story steel moment-resisting frame described above is utilized to provide acceleration responses of the frame to examine the sensitivity of the proposed DSFs with respect to different input ground motions. Details about this numerical model, which account for component deterioration, can be found in . The sensitivities of all the DSFs have been examined for 381 input ground motions, which are scaled to various intensities from 40 original ground-motion recordings to investigate the effect of varying excitation profiles and amplitudes of input ground motions on the ability of the DSFs to predict damage. Two aspects of the effectiveness of the DSFs are investigated. The first is the consistency of values of the DSFs in the absence of damage, and the second is the change in values of the DSFs with respect to varying degrees of structural damage. The 40 ground motions are selected from large-magnitude earthquakes (6:5 < M < 7:0) recorded at sites that are 13 to 40 km from the rupture zone (Medina and Krawinkler 2003) . Each ground motion is scaled several times to capture several damage states up to and including collapse. Historically, 40 records seem to be adequate for statistical analysis of structural responses (Vamvatsikos and Cornell 2002) . These ground motions are used as inputs to the numerical model, and the DSFs are computed from the acceleration responses of the roof. The damage states were estimated from the maximum SDR of the structure. For this study, five damage states are defined as follows: no damage (within the elastic limit) (0% ≤ SDR < 1%), slight damage (1% ≤ SDR < 2%), moderate damage (2% ≤ SDR < 3%), severe damage (3% ≤ SDR < 6%), and collapse (SDR ≥ 6%). Northridge earthquake recorded at the Northridge-17645 Saticoy Street Station. For no-damage-state cases (DP 1 and DP 2), the DSF 1 value is between 0.9 and 1, and as the damage increases, this value decreases to below 0.4. To further illustrate the consistency of DSF 1 for the no-damage state, the distribution of the DSF 1 values for the no-damage state are first computed as shown in Table 2 . Seventy-nine scaled ground motions of the 40 recordings resulted in the no-damage state. Table 2 shows that the DSF 1 values stay between 0.87 and 1 for 94% of the cases. The change of the DSF 1 values with respect to structural damage is shown in Fig. 17 , which contains the scatter plot of the DSF 1 values and the corresponding maximum SDR in semilog scale and the linear fit for the data for various degrees of structural damage. We can observe that the DSF 1 values decrease exponentially as the damage extent of the structure increases. The correlation coefficient of DSF 1 and the log of the maximum SDR is 0.87. Therefore, DSF 1 is strongly correlated with the SDR and can be used to estimate the damage state of the structure accurately. According to this analysis using the numerical model, DSF 1 is robust to the variations in the input ground motions. Similar results are observed with DSF 2 and DSF 3 , but are not discussed in this manuscript due to space limitation.
Conclusions
Three DSFs using the continuous wavelet transform of earthquake responses are developed and applied to two sets of experimental data and a set of simulated data. The experimental data sets are obtained from recent shake-table experiments of a 30% scaled model of a reinforced concrete bridge column and a 1∶8 scale model of a four-story steel moment-resisting frame. The simulated data set is obtained from a numerical model of the four-story steel moment-resisting frame that is used for the second experiment. The continuous Morlet wavelet transform is applied to the acceleration response of the structure during the strong ground motion, and the wavelet energies at a particular scale and at a particular time are defined based on the wavelet coefficients. Then three DSFs are developed as functions of the wavelet energies for structural damage diagnosis. DSF 1 measures how the wavelet energy at the natural frequency of the undamaged structure changes as the damage progresses in the structure. According to the results from the experimental data, the DSF 1 value decreases as the damage extent increases. This is because the wavelet energy reduces at a scale corresponding to the first natural frequency of the undamaged structure with the increasing levels of damage. DSF 2 measures how much the wavelet energy spread out in time and DSF 3 measures how slowly it decays. The DSF 2 and DSF 3 values both increase as the damage extent increases.
For the computation of the three DSFs, different levels of information are required. DSF 1 can be calculated using only the structural response, while the computation of DSF 2 and DSF 3 requires both the structural response and the information from the input ground motion. Thus, the communication between the sensor units at different locations has to be set up and synchronized to compute DSF 2 and DSF 3 for damage diagnosis. It should be noted that this communication between the sensor units does not have a large power demand because the information that needs to be transferred is only a few numbers such as t 05 , t 95 , and the CE extracted from the input ground motions, and not the entire time history measurements.
The three DSFs have different sensitivities to various levels of damage according to the results of the applications. The DSF 3 value changes more for lower levels of damage than for more severe levels of damage. On the other hand, the DSF 1 and the DSF 2 values show more changes for larger damage. Thus, DSF 3 is more sensitive to smaller levels of damage and DSF 1 and DSF 2 are more sensitive to larger levels of damage. Therefore, a combination of these DSFs may be required for a robust damage diagnosis.
In addition to the experimental results, a numerical model of the four-story steel frame is developed, and the DSFs are tested for sensitivity and robustness with structural response data obtained from scaled versions of 40 earthquake ground motions covering a wide range of magnitudes and distances. The results of these sensitivity analyses showed again that the DSFs are directly correlated to damage states defined through story-drift ratio limits, and the DSF values are robust to the input ground motions.
To apply the method to other types of structures or various other ground motions, additional testing will be necessary. Moreover, it would be desirable to test the algorithm with data collected from field experiments where noise and other environmental conditions may show to be a factor. A key advantage of using the DSFs to diagnose damage, however, is that these DSFs can be computed directly from the acceleration recording at each sensor location Fig. 17 . Scatter plot of DSF 1 and maximum story-drift ratio for the numerical model of the four-story steel moment-resisting frame on the structure and do not rely on the computation of the story drifts, which is always a challenging process. In practical applications, it is unlikely to have reference values of these DSFs corresponding to each damage state. Thus, a predefined system needs to map the values of these DSFs to different damage states of the structure when an earthquake occurs. For this purpose, the framework to build fragility functions that define the probabilistic relationship between these DSFs and the damage state of the structure is developed by Noh et al. (2011) to complete the damage diagnosis algorithm.
In summary, we developed DSFs using wavelet energies and theoretically derived the relationship between these wavelet energies and structural parameters that are important for damage characterization. The performance of these DSFs was tested using two sets of experimental data. Further sensitivities and robustness of the DSFs were evaluated using the numerical model of the four-story steel moment-resisting frame subjected to 381 scaled ground motions. Both the numerical and experimental results systematically showed excellent correlation between the damage estimated by the DSFs and the observed damage. Although more testing needs to be conducted to verify the performance of these DSFs for actually constructed structures under varying loading conditions and environmental effects, the results presented in this paper are encouraging and represent a good initial step for automated damage diagnosis following large earthquakes.
The following symbols are used in this paper: a = scale parameter of wavelet; a = scale corresponding to natural frequency of undamaged structure; b = time-shift parameter of wavelet; E scaleðaÞ = wavelet energy at particular scale; E shiftðbÞ = wavelet energy at particular time;
E tot = total wavelet energy of signal; f 0 = center frequency of wavelet (Hz); f n = natural frequency of structure (Hz); GðsÞ = Fourier transform of input ground motion; K = number of data points in time-history measurement; N = number of scales used in wavelet entropy analysis; p = q ¼ jξω n AE ω n ffiffiffiffiffiffiffiffiffiffiffiffi ffi 1 À ξ 2 p ; S a = set of scales; t 05 = time when cumulative sum of E shiftðbÞ from input ground motion is 5% of total sum of E shiftðbÞ ; t 95 = time when cumulative sum of E shiftðbÞ from input ground motion is 95% of total sum of E shiftðbÞ ; WE s = wavelet entropy of scale; WE t = wavelet entropy of time; WE ts = wavelet entropy of time and scale; Wf ða; bÞ = wavelet coefficient; Δf = frequency resolution of wavelet function; Δt = time resolution of wavelet function; Δt s = sampling period; ξ = damping ratio; ψðtÞ = mother wavelet; ω 0 = coefficient of Morlet wavelet that determines center frequency of Morlet wavelet and reflects trade-off between time and frequency resolutions (ω 0 ≥ 5 is chosen to satisfy the admissibility condition); ω d ¼ ω n ffiffiffiffiffiffiffiffiffiffiffiffi ffi 1 À ξ 2 p = damped natural frequency; ω n = natural frequency; Ã = complex conjugate; and j · j = absolute value of quantity. Acronyms CE = center of E shiftðbÞ after effective time of vibration, t 95 ; CLE = collapse level earthquake; DLE = design level earthquake; DP = damage pattern; DSF = damage sensitive feature; DSF 1 = first DSF; DSF 2 = second DSF; DSF 3 = third DSF; ETV = effective time of vibration-the time between t 05 and t 95 ; MCE = maximum considered earthquake; SDR = story-drift ratio; and SLE = service level earthquake.
